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A few words on how this meeting came about and what made it possible may be of interest. The idea for the 
meeting arose during a visit to Oxford. The combined presence of Peter Hicklin and BE prompted Alasdair 
Houston to organize a small meeting to discuss models of migration. This impromptu meeting was also 
attended by Richard Caldow, John McNamara, Tony Moodey, Bill Sutherland, Thomas Weber and Wolfgang 
Weisser. In part because the meeting worked so well, it seemed that more people could have profited from 
attending. Also, the discussions might have been even more lively with a somewhat greater audience and a 
greater share of die-hard empiricists, willing to harp on every possible weakness in the models. Finally, there 
was a feeling that the study of migration strategies was rapidly gaining momentum and that this provided an 
important window of opportunity to forge a link between the empirical and theoretical studies of migration and 
thereby set them on a common course. Phoning around made it clear that many people were happy to attend 
such a “theoreticians-meet-empiricists" meeting. Initially envisaged as a small meeting of at maximum 35 sci­
entists it grew to a meeting of almost double that size through word of mouth in combination with a deliberate 
policy to let enthusiasm have its way. Wim Wolff showed great enthusiasm at the first mention of the idea and 
helped to organize funds. These funds were used to pay for the travel expenses of some dearly wanted partic­
ipants, mainly from the other side of the Atlantic, and for the publication of this report. Without the willingness 
of the majority of the participants to pay for their own expenses, the meeting would not have been possible 
though. Funds were obtained from the National Research Programme on Global Air and Climate Change, the 
Institute for Forestry and Nature Research and the Netherlands Institute for Sea Research. The cooperative 
attitude of Joke Hart, Michaela Scholl and Gjalt Steenhuizen during the meeting substantially contributed to its 
success. We are also grateful for the many replies that we received to our request for comments on an earlier 
version of this report. Comments were received from: Thomas Alerstam, Herbert Biebach, Bruno Bruderer, 
Dan Cristol, Peter Evans, John Goss-Custard, Anders Hedenström, Richard Holmes, Alasdair Houston, 
Lukas Jenni, Susi Jenni-Eiermann, Marcel Klaassen, Felix Liechti, Äke Lindström, Jaap van der Meer, Frank 
Moore, Martin Morton, Berry Pinshow and Thomas Weber. Especially gratifying were the comments of Ellen 
Ketterson, a participating non-participant, and the long letters of Paul Dolman, full of healthy disagreement. 
Henk Hobbelink enthusiastically engineered a cover for this report. The report was produced by Anneke Bol 
and Nelleke Krijgsman.

TOWARDS PREDICTIVE MODELS OF BIRD MIGRATION SCHEDULES: 
THEORETICAL AND EMPIRICAL BOTTLENECKS
Bruno J. Ens, Theunis P iersm a & Joost M. T inbergen
"The relation of theory to experiment in biology has been an uneasy one. The 
word “theoretical" has generally had perjorative connotations, and the right to the­
orize was the reward for years of laboratory and field work. In fields where 
progress depends mostly on the refinement of technique in order to facilitate more 
accurate description, this perhaps did not matter too much, but other areas suf­
fered from an indigestion of facts, while data was collected without reference to 
problems. In these circumstances, theoretical work often diverged too far from life 
and became exercises in mathematics inspired by biology rather than an analysis
o f living systems. “
INTRODUCTION
Take the archetypal wader, breeding on the arctic 
tundra, using intertidal m udflats in the tem perate 
zone as a stopover site during m igration and w in ter­
ing on intertidal m udflats in the tropics. W hat w ill hap­
pen to the birds if som e o f the ir habitats are modified 
by man fo r explo itation, like reclam ation o f the in te r­
tidal m udflats or oil-drilling on the tundra? Desired 
answers would a lm ost certa in ly include expected 
changes in the num ber and tim ing o f birds using the 
affected areas, as well as changes in the ir pattern of 
m ass gain. It w ill not be easy to g ive such answers. It 
will be even m ore difficu lt to predict w hat will happen 
if all habitats are s im ultaneously affected by global c li­
mate change. One way to go about answering these 
questions is to treat them  as thought experim ents 
where our ab ility to com e up w ith an answ er indicates 
the current s tate o f our knowledge. So, w hat is the 
current state o f our know ledge?
There is no doubt tha t stud ies o f the m igratory 
m ovem ents o f birds have a long history. A lthough 
early students o f m igration did not fail to theorize (see 
review  in Gau th r e a u x  1982), a ttem pts to construct 
form al m athem atica l models, a necessary pre requ i­
site fo r precise predictions, are o f much m ore recent 
origin. In the late sixties and early seventies Pe n n y - 
c u ic k  (1969) and T ucker  (1973) presented basic 
fligh t m echanical theories abou t bird m igration. In the 
seventies form ation fligh t and w ind effects were eva l­
uated (Pen nyc u ic k  1978, A lerstam  1979). In the 
eighties gam e theory (see Maynard  S mith  1982) was 
used to study the conditions for partia l bird m igration 
(Lund ber g  1987) and stab le geographica l population 
segregation (Lundberg  & A lerstam  1986). In the 
nineties s im ple optim ization procedures were used to 
predict optim al departure fa t loads (Alerstam  & L in d ­
ström  1990). In addition increasing use is being 
made o f stochastic dynam ic program m ing to  handle 
more com plex dynam ical aspects o f m igration. The 
usefulness o f th is m athem atica l technique in the 
study o f forag ing and life history problem s was
(Le v in s , 1968)
brought to the fore by M c Nam ar a  & Hou sto n  (1986) 
and Man g el  & C la r k  (1986). As the original flight 
m echanical theories were also continually im proved 
and added upon th roughout th is  period (Rayner  
1988, Pennyc u ic k  1989), there can be no doubt that 
m athem atical m odels tha t account fo r the various 
aspects o f m igration are developed a t an increasing 
rate.
A lthough th is is a healthy developm ent, the re  is a 
risk tha t the theoretic ians will becom e so excited by 
each other tha t they disappear en m asse into outer 
space, instead o f confronting the m ore em pirica lly 
m inded students o f m igration w ith penetrating ques­
tions. Such questions can be o f g reat help in warding 
off the ever-present danger of drowning in the  com ­
plexities o f nature. In return, theore tic ians will profit 
from  rem aining anchored to the real world, even 
though it m ay be pro foundly irritating to  be told the 
facts o f life by m em bers o f the scientific  com m unity 
w ith mud on the ir boots. Using m ore deferentia l lan­
guage it am ounts to the conviction tha t scientific 
progress is ham pered when theoretica l advances are 
not accom panied by com parable advances on the 
em pirical side o f the research program . O nly through 
close cooperation will it be possib le to achieve 
advances on both sides. A c lear exam ple o f w hat 
m ay go wrong is niche theory, which sought to  expla in 
the patterns in anim al com m unities as a resu lt of 
in terspecific com petition (M acA rthur  1972). W hile 
theory becam e increasing ly com plex, insuffic ient 
advances were made in the  deve lopm ent o f a m eth ­
odology tha t allowed the actual m easurem ent o f lim it­
ing resources in the field. As a result, the research 
program  was not proven wrong or substantia lly  m od i­
fied on the basis o f em pirical evidence, but sim ply 
abandoned by the  m ainstream  o f ecologists.
It is there fore to  be hoped that the workshop, 
organized on Texel from  6 to 8 Ju ly 1993, succeeded 
in establishing firm  links between theore tic ians and 
em piricists, through the direct confrontation of ideas 
w ith facts and vice versa, as well as through the 
establishm ent o f personal contacts. Despite the large
num ber o f partic ipants the m eeting retained its 
intended inform al character. Though discussions 
were lively, partic ipants spent the ir energy in 
exchanging ideas instead o f d isplay behaviour 
intended to im press, or cla im  priority. This suggests 
tha t c lose personal contacts are a rem edy against the 
trend noted by Ma d d o x  (1993) that intensifying social 
com petition am ong scientists is increasing ly crippling 
science through im peding the free flow  o f ideas. The 
rem edy relies on the observation tha t scientists, like 
other anim als, cannot escape being prisoners o f the ir 
social relationships. S ince lim its to the tim e budget of 
an anim al will lim it the  tim e available for social con ­
tacts, the num ber of suffic iently intim ate relationships 
will be lim ited too, suggesting tha t the rem edy does 
not work when the num ber o f scientists is too large.
DEFINING THE PROBLEM
Birds are on ly capable o f com pleting a full m igratory 
cycle if they possess form idable powers o f naviga­
tion. No wonder tha t m uch research effort has con­
centrated on trying to understand the m echanism s o f 
navigation (Papi & W a lr a f f  1982). Sim ilarly, suc­
cessful com pletion o f the m igratory cycle requires a 
proper tim ing. M ainly through the work o f G w in n e r 
(e.g. 1990) experim ents w ith m igratory birds have 
provided som e o f the best dem onstrations o f the 
existence o f endogenous circannual rhythm s syn­
chronized by environm enta l Z e itg e b e rs . However, an 
understanding o f som e of the abilities that a llow  birds 
to make the ir m igratory journeys is a far cry from a 
theory predicting the details o f a m igration schedule 
o f a particular bird species (P iersm a 1987, A le rs ta m  
& L in d s trö m  1990, Ens et al. 1990).
Baker  (1978) form ulated a very general model and 
couched it in such abstract term s that it remains 
"unfam iliar to m ost1 according to Ketterson  & Nolan  
(1983). These authors subsequently state tha t “while 
the com prehensiveness of the model makes it adm i­
rable in the abstract, in practice it m ay render predic­
tions untestable". The alternative to constructing a 
very general and com prehensive theory encom pass­
ing all possible types o f m ovem ent in the entire an i­
mal kingdom  is to build m odels fo r well-defined and 
there fore necessarily lim ited problem s. This was 
more or less the approach im plicitly o r explic itly taken 
by the partic ipants o f the workshop. Like Baker  
(1978) it was generally assum ed though that the 
details o f a  m igration schedu le are shaped by natural 
selection.
The fact tha t at present none o f the participants 
seem ed to  be constructing a grand unifying theory 
should not be taken to mean tha t such a theory is not 
wanted. In contrast, an im portant goal o f the w ork­
shop was to  identify how the various studies o f spe­
cific m igratory decisions fit together. After all, there 
can be no doubt tha t solutions to one problem  con­
strain the possib le solutions to o ther problem s. To 
avoid m isunderstand ings it is im portant to m ake clear 
tha t in th is report the word decis ion is used in the 
sense o f M c Far lan d  (1977) fo r cases w here several 
m utually exclusive behavioural options exis t fo r the 
anim al: "there m ust be som e process or m echanism  
that de term ines which activ ity is to have priority at 
any particu lar time, and such a process is conven­
iently term ed a  decision process". Thus, the use o f 
the word decision is in no way in tended to im ply con ­
scious choice by the animal. R gure  1 depicts an ide­
alized decision schem e o f a m igratory bird. The 
sim plicity o f the schem e effective ly h ides the m any 
discussions between the three o f us during its gesta ­
tion. Accord ing to the schem e the m igratory journey 
o f an individual bird can be broken down into four 
m ajor decisions: (1) the decision to  s tart preparations 
necessary for m igration like building up fue l stores, 
(2) the decision to depart on the m igratory flight, (3) 
the decision to in terrupt the  m igratory fligh t for re fue l­
ling and (4) the decision to  end m igration a ltogether 
and search fo r a good site to  breed o r survive the 
non-breeding season. These decisions lead to one of 
three phases: the fuelling phase, the fligh t phase and 
the resident phase. During each phase continuously 
a m ultitude o f decisions has to be m ade in response 
to the prevailing conditions in order to reach the 
appropria te state characterizing the phase. During 
the fue lling and refuelling periods the anim al has to 
decide on the rate o f m ass gain in response to  local 
food conditions and predation risks. During the m ig ra­
tory fligh t the anim al has to decide on the position in 
the flock, the fligh t speed and the fligh t a ltitude in 
response to the w eather conditions en route. Finally, 
the bird has to settle down, taking habita t quality and 
the presence or absence o f com petitors into account.
The schem e has broken down the problem  in to a 
set o f decisions, allow ing an enqu iry into the costs
Fig. 1. Idealized scheme of the major migratory decisions 
faced by a migrating bird (see text for a detailed discussion).
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and benefits (which m ust u ltim ately be expressed in 
term s o f fitness), as w e ll as the underlying m echa­
nism  o f each decision. A t the  sam e tim e the schem e 
highlights the in terdependence o f the decisions: 
though the various decis ions m ay be studied as inde­
pendent problem s in the ir own right, the final solution 
requires tha t the results o f these stud ies fit in the 
sam e fram e. W hat the schem e does not depict is the 
d irectional com ponent o f som e o f the decisions. Apart 
from  decid ing w hat to do when, the animal m ust also 
decide where to go. Furtherm ore, though the schem e 
presents the problem  as one o f the individual bird fac­
ing a sequence o f behavioural decisions, reference to 
a lower level o f in tegration, i.e. physio logical proc­
esses inside the animal, and a h igher level o f in tegra­
tion, i.e. population processes, will be necessary. 
Physio logy fo r instance, de term ines how fa r a bird 
can fly  with a given fa t load a t a given w ind speed, 
while the costs and benefits in term s o f fitness o f a 
particular m igratory decision will often depend on the 
m igratory behaviour o f conspecifics, i.e. on popula­
tion processes. In fact, instead o f describ ing the 
m igration schedu le as being adhered to by a hypo­
thetical single individual m any o f us u ltim ately w ant to 
include the num ber o f individuals in the descrip tion of 
a m igration schedule.
THE MIGRATORY FLIGHT
FLIGHT MECHANICS
F light m echanics is a basic e lem ent in theories o f bird 
m igration (A le rs ta m  1991). A  centra l e lem ent of 
fligh t m echan ics is the pow er curve, which predicts 
tha t energy expenditu re w ill be high at both low and 
high fligh t speeds and reach a m inim um  at in term edi­
ate speeds (P en nycu ick  1989). This power curve can 
be used to  find the fligh t speed tha t m in im izes the 
energy cost per un it time, the fligh t speed for m in im iz­
ing the energy costs per un it o f d istance covered (the 
m axim um  range speed) and the optim al fligh t speed 
fo r m in im izing the  total duration o f the  m igratory jou r­
ney (Fig. 2). A le rs ta m  e l at. (1993) observed for a 
range o f seabirds tha t average airspeeds fell between 
the m inim um  power and m axim um  range speeds esti­
m ated from  aerodynam ical theory. B ru d e re r  & 
W e itn a u e r (1972) showed that Com m on Swifts 
rem ain a irborne during s leeping flights at abou t the 
theoretica l speed o f m inim um  power and closely
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Fig. 2. Power curve estimated for the Arctic Tern according to the theory of bird flight mechanics. The mechanical power 
output indicated on the power axis should be divided by the conversion efficiency (normally assumed to be about 23%) to 
give the total chemical energy metabolized by a flying bird. The rate of fuel deposition is converted into its mechanical equiv­
alents to be compatible with the flight power given. Vmp is the speed that minimizes energy costs per unit of time. Vmr is the 
speed that minimizes the energy costs per unit of distance covered. V , is the optimal flight speed for minimizing the total 
duration of a migratory journey, including the periods of fuel deposition. Vmjqr is the maximal overall speed of migration that 
can be attained. From Alerstam (1991). Reprinted with permission from Elsevier Tredn Journals.
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Fig. 3. Schematic migration flight with an initial climbing phase to altitude = z when distance is covered and a cruising 
phase when distance x ,  is covered. We have indicated the qualities needed to derive the total energy cost (E, + E2) for the 
entire migration flight, which is the currency being minimized with respect to climb rate (see H edenström  & A le rs ta m , 1994 
for details)
match maximum range speed during migratory 
flights. L ie c h t i (1992) showed that small passerines 
adjust their airspeed to wind conditions in close 
agreement with the theoretical curve.
Anders Hedenström applied the power curve to cal­
culations on climbing flight. A  simple model predicting 
the optimal rate of climb for birds setting out on a 
migratory flight was presented (Fig. 3). The model 
uses an energy minimization argument for the entire 
flight (climbing and cruising phases) and gives the 
climb rate resulting in minimum cost of transport. 
Some data in support of the model was presented of 
shorebirds departing from NW Iceland during spring 
migration (H e d e n s t r ö m  & A le r s ta m  1994). Compar­
ing species, a negative relation between climb rate 
and body mass was predicted, and observed. A neg­
ative correlation between maximum fuel load capac­
ity, i.e. the fuel load at which climbing flight is still 
possible, and body mass was also predicted and 
observed. As the maximal flight range is determined 
by the maximal fuel load capacity it follows that 
potential flight ranges are size-dependent (HEDEN­
STRÖM & A le r s ta m  1992).
Bruno Bruderer (in press) reported on the first 
study combining on-site radio sonde measurements 
with reliable radar observations on height distribution 
of migrants crossing the Negev desert in Israel. In 
addition, the data were gathered under extreme tem­
perature and humidity conditions, and by this, ena­
bled Bruderer and co-workers to test existing 
hypotheses on the influence of temperature and 
humidity on altitude distribution. A statistical model, 
developed in cooperation with Les Underhill (B r u d ­
e r e r  et al. in press), indicated that choice of height
stratum was primarily affected by the amount of tail 
wind, contradicting suggestions (see later) that noc­
turnal migrants above desert areas have to adjust 
their flight level to minimize evaporation of water. The 
model, which assumes that the birds compare the 
meteorological conditions in the adjoining height 
strata and then switch to the more profitable layer 
with a certain estimated probability, yielded a close fit 
to the empirical data: the change in tailwind speed 
predicted on average 63% of the autumn and 56% of 
the spring distributions, while none of the other varia­
bles had a significant influence. Fig. 4 provides an 
example.
Felix Liechti combined the model of P e n n y c u ic k  
(1969, 1989) for maximum range speed with A l e r - 
s t a m 's (1979) model on optimal drift strategy, calcu­
lating the optimal adjustment of heading and airspeed 
to compensate for changeable winds with respect to a 
specific goal (L ie c h t i 1992, 1993 and in press). In this 
case flying the maximum range is regarded optimal 
(Fig. 5). Under most wind conditions the proposed 
statistical model on optimal behaviour came close to 
the observed behaviour, but large deviations from the 
model occurred under strong side winds (above 5 m/
s).
EN E R G Y AN D  O TH ER PO TEN TIALLY LIM IT IN G  
RES O U R C ES D U RING  MIGRATION
Under the assumption that only energy is critical, 
maximal flight range can be calculated for a given fat 
load from the previously discussed power curve. 
However, the assumption may be wrong. There may 
be conditions (i.e. ambient temperatures) where
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Fig. 5. Optimal flight behaviour: minimizing energy expendi­
ture during one flight stage in relation to a specific goal. The 
distance flown in one stage (At.Vg) is the sum of the work 
done by the bird (At.Va) and the displacement by the wind 
(At.Vw). For an optimal behaviour the remaining distance 
after the flight stage (X) must be minimal. (S1 ^ starting point, 
S2=stopover site, G=goal, D=initial distance to the goal, 
ra=wind direction, ß=direction of heading, Va=airspeed, 
Vw=wind speed, Vg=groundspeed, At=flight time). From 
LlECHTl (1992).
water loss, instead of energy expenditure, limits flight 
range (Y a p p  1962, B ie s e l  &  N a c h t ig a l l  1987). In a 
recent model C a r m i et al. (1992) have sought to 
quantify these conditions. Marcel Klaassen (in press) 
subsequently refined the model of Carmi et al. with 
respect to the feedback of the difference between 
metabolic water production and total water loss (i.e. 
net water loss) on the flight costs. The flow chart of 
the modified model is presented in Fig. 6.
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Fig. 4. Comparison of predicted (shaded bars) and observed 
(white bars) height distribution of nocturnal bird migration in 
autumn (14/15.9.1991) over the Arava Valley (Israel). Pre­
dictions are based on the difference in tailwind between 
neighbouring height levels. The circular diagram in the 
upper right corner indicates the wind direction and speed 
(length of the bar) for three height intervals (inner circle 0 to 
1000; medium 1001 to 2000; outer 2001 to 3000 m above 
ground level) and throughout the night (white 20:00 h, black 
24:00 h, shaded 4:00 h). From B ru d e re r  et a i  (in press).
Fig. 6. Row chart o f the physiological processes underlying 
the computer model of Carmi et at. (1992) and including the 
refinement of K laassen (in press). Since the bird loses 
mass continuously during the flight the program performs 
iterations over small time steps. The variables affected by 
the refinement of KlAASSEN (in press) are indicated with a *.
When meteorological conditions are known, the 
water loss model, which necessarily includes a calcu­
lation of the energy balance, allows the prediction of 
the flight altitude that maximizes flight range. Radar 
observations by Biebach and Klaassen on migrants 
crossing the Egyptian desert showed that observed 
flight ranges corresponded more closely to the pre­
dictions from the water loss model than to the predic­
tions from the energy balance model alone. The 
water loss model also predicts that flight range can be 
increased by interrupting the trans-Sahara flight dur­
ing the day. Analysis of radar observations on the pat­
terning of the passage of migrants at different 
locations by Herbert Biebach indicates that many 
migrants do indeed rest during the day, as suggested 
by B ie b a c h  et al. (1991). Further support for such 
interruptions was provided by the observations with 
tracking radar of B r u d e r e r  et al. (in press). However, 
since in Bruderer's data on migrants crossing the 
Negev desert the birds did not adjust their flight levels
glycerol
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Fig. 7. Simplified model of fatty acid transport from adipose 
tissues to the muscles. Black arrows indicate the usual path­
way. Double-lined arrows indicate the pathway, which is 
suggested to help to increase fatty acid delivery to the flight 
muscles during flight in small migrants. FFA = free fatty 
acids; TG = triglycerides; VLDL = very low density lipopro­
teins. Based on Jenni-Eiermann & Jenni (1992).
according to the temperature or humidity profile, they 
did not seem to be limited by water loss (B r u d e r e r  et 
al. in press).
Though the water loss model has met some empiri­
cal success it was generally agreed that many impor­
tant parameters and processes were poorly known. 
The following two questions were identified as the 
most burning: (1) how much water can a bird lose 
before suffering physiological damage, (2) what is the 
rate of water loss under various conditions? Given 
that, apart from energy, the water balance may some­
times be crucial in determining flight range, it was felt 
that it might pay to take an even broader perspective 
and also consider the role of protein turnover and the 
need for sleep. In fact, there was a general consen­
sus that fat, protein and water constituted a complex 
of components potentially limiting the migratory flight.
THE MIGRATORY JOURNEY: (RE)FUELLING, 
DEPARTING AND FLYING
In the above we have discussed decisions that need 
to be made during the flying phase. In the following 
we will discuss decisions and physiological adapta­
tions during the fuelling phase alone, or in combina­
tion with the flying phase.
PH Y SIO LO G Y OF M AKING  AN D  U SING  N U TR IE N T 
STO RES
Lukas Jenni reported on his physiological studies on 
migrant passerines caught when crossing the Alps 
(Je n n i-E ie r m a n n  & J e n n i 1991, J e n n i &  J e n n i-E ie r ­
m a n n  1992). Measurement of the plasma level of trig­
lycerides (the form in which fat is normally 
transported to the adipose tissue) suggests that small 
passerines resynthesize triglycerides in order to 
achieve a high rate of fat utilization during migration. 
This hints at an additional metabolic pathway not nor­
mally used by mammals during exercise (Je n n i-E ie r ­
m a n n  & J en n i 1992; Fig. 7). Furthermore, day 
migrants seemed to rely less on fat compared to night 
migrants. Thus, it appears that differences in meta­
bolic physiology are closely linked to the migratory 
strategy of a species.
S u s i J e n n i-E ie r m a n n  & J e n n i (in press) showed 
that plasma triglyceride levels in the blood of birds 
during stopover can be used to predict the amount of 
mass change, i.e. the amount of fat stored, during 
that day. This allowed them to conclude on the basis 
of measurements on birds caught only once that 
insectivorous birds store less fat during days when 
feeding conditions seem poor, i.e. after rainfall and at 
high wind speeds (Je n n i &  J e n n i-E ie r m a n n  unpub­
lished). This biochemical technique may prove a pow­
erful tool for evaluating strategies of fuel storage in 
the field as it circumvents many of the estimation 
problems discussed by Z w a r t s  et al. (1990).
C O N S IS TE N C Y  IN A LLO M E TR IC  R ELATIO N SH IPS OF
PH Y S IO LO G IC A L AN D  EC O LO G IC A L VARIABLES
Jaap van der Meer, in collaboration with Theunis 
Piersma, had embarked on an evaluation of various 
allometric relationships between a dimension of body 
size and variables like maximal intake rate, energy 
expenditure during resting and foraging and energy 
cost of thermoregulation. When these allometric rela­
tionships are formalized in a consistent manner, it can 
be investigated in what way the shape of some 
selected relationships constrain the shape of the 
other relationships, assuming the animal retains 
energy balance. It is also possible to enquire into the 
conditions under which maximum fat deposition rate 
shows a negative correlation with lean body mass, as 
reported by L in d s t r ö m  (1991).
O PTIM A L DEPARTURE FAT LOADS
All models that seek to explain departure fat loads as 
optimal decisions necessarily include assumptions 
about the flight phase. The marginal value, with 
respect to flight distance, of adding an extra gram of 
fuel will decrease with increasing fuel loads due to the 
increased flight costs. From this the optimal departure 
fat load can be calculated for a given fat deposition 
rate and a given optimization criterion (Fig. 8, A l e r ­
s t a m  &  L in d s t r ö m  1990). Possible criteria are mini­
mizing the time spent on the migratory journey, or 
minimizing the energy spent on covering a given dis­
tance. Though the positive relationship between 
departure fat load and fat deposition rate predicted by 
the time minimization hypothesis was found in a field 
experiment with Bluethroats, the observed departure 
fat loads remained below the predicted levels (L in d - 
STRÖM & A l e r s t a m  1992). This could be due to not all 
individuals having the same expected speed of 
migration, or to variations in the expected speed of 
migration along the migration route.
Assuming that increasing fat loads increase the risk 
of predation, smaller departure fat loads are also 
expected when birds attempt to maximize safety from 
predation during the migratory journey (A le r s ta m  &  
L in d s t r ö m  1990). Experiments by Äke Lindström to 
test if captive Chaffinches and Bramblings would put 
on less fat when regularly confronted with a model 
Sparrowhawk yielded mixed results.
Crucial for the theory developed by A le r s ta m  & 
L in d s t r ö m  (1990) is a time or energy cost during a 
settling phase preceding fat deposition in a stopover 
site. During the discussions it was questioned if such 
a phase really exists. The study of Frank Moore on a 
barrier island (see M o o r e  et al. 1990) where 
migrants are caught upon arrival and immediately fol­
lowed using telemetry, seemed ideally suited to 
obtain the necessary insights on this settling phase. 
The model of Alerstam and Lindström is most appli­
cable to birds that migrate over areas where suitable
Fuel load, f
Fig. 8. Prediction of optimal fuel loads, (a) The relationship 
between flight range (Y) and fuel load (f) at departure will be 
negatively accelerated because of increased flight costs 
with increasing fuel loads, (b) As a consequence the m ar­
ginal rate of gain in potential flight distance (dY/dt) for a bird 
maintaining a constant rate of fuel deposition on stopover 
will drop as the bird attains progressively larger fuel loads 
(f). This relationship is shown for a low-quality (1) and high- 
quality (2) stopover site. Given an expected speed of move­
ment along the migration route according to the horizontal 
broken line, the optimal fuel load for maximizing speed of 
migration is f-j for departure from the poor site 1 , and f2 for 
departure from the high quality site 2. From A le rs ta m  
(1991). Reprinted with permission from Elsevier Trend Jour­
nals.
habitat is more or less widespread, as may be the 
case for most passerines. G u d m u n d s s o n  et al. 
(1991) show how the idea of time minimization must 
be applied when only a few, discrete, stopover sites 
are at hand, which probably is the case for many 
wader and waterfowl species. When a good knowl­
edge exists of the conditions at various potential stop­
over sites (which is rarely the case), detailed 
predictions about a complete migratory journey can 
be derived.
O PTIM A L RETURN JO U R N E Y
The expectation that the speed of migration, or some 
other parameter characterizing migration, is opti­
mized, derives from the belief that migration is 
shaped by natural selection. Yet, natural selection 
maximizes fitness. Thus, it would be nice if it was 
possible to evaluate the fitness consequences of 
migratory decisions directly. This is exactly what Fig. 
9 does by proposing that to each combination of 
arrival date and arrival mass a fitness value can
assigned. Building on the knowledge on flight costs 
and the physiology of fuel storage discussed above, 
the technique of stochastic dynamic programming 
(M c N a m a r a  &  H o u s t o n  1986, M a n g e l  & C l a r k
1986, M a n g e l  & C l a r k  1988) then allows us to find 
the optimal decisions concerning mass gain and 
departure for the return journey. Thomas Weber 
showed the first results of such an analysis. When 
stochasticity was made to increase along the migra­
tion route, the last staging site was sometimes 
skipped. Perhaps not surprisingly, departure weights 
exceeded the weight necessary to reach the next 
stopover site when there was stochasticity in the 
expenditure during flight over a given distance. It may 
be possible to estimate the extent of this stochasticity 
from data on Knots which encounter quite variable 
wind conditions between years when migrating from 
the Banc d'Arguin to the Wadden Sea in spring 
(P ie r s m a  &  v a n  d e  S a n t  1992). In unfavourable 
years many birds were apparently forced to use an 
intermediate stopover site, while arrival in the Wad­
den Sea was delayed.
A
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Fig. 9. Schematic presentation of the link between the ultimate goal (maximizing fitness, 
in this case equated to reproductive success on the breeding grounds) and the problem 
of how mass gain should be patterned during spring migration (based on P ie r s m a  & E ns 
1992).
THE GOAL
Fig. 10. Diagram depicting the conditions under which differ­
ent types of optimization models are most appropriate (Alas- 
dair Houston).
O PTIM A L D EC IS IO N S AND S TO C H AS TIC ITY
Of course, stochastic dynamic programming is not 
without its problems either. The technique is non-ana- 
lytic and often involves many parameters. This makes 
it hard to understand the exact causes as well as the 
generality of the simulation results. Alasdair Houston 
used his work on the trade-off between gaining 
energy and avoiding predation to discuss the condi­
tions under which different types of models were most 
appropriate to problems of dynamic optimization 
(H o u s t o n  et at. 1993). When an effect of state (e.g. 
fat load) is present and stochasticity is negligible, 
analytic solutions can often be found. However, when 
the foraging environment is stochastic, simple analyti­
cal models are most likely to fail and stochastic 
dynamic programming seems the only theoretical 
avenue (e.g. H o u s t o n  & M c N a m a r a  1993). The vari­
ous possibilities are depicted in Fig. 10. A striking 
example was on the buildup of fat stores prior to 
migration in a variable environment. At low reserve 
levels risk averse behaviour, meaning preference of a 
smaller variance in intake rate at a same mean, is 
expected when the latest possible departure date is 
still a long way off, but it switches to risk prone behav­
iour, i.e. preference of a higher variance in intake rate 
at a same mean, either if reserves are higher or if the 
time until departure is reduced (Fig. 11, B e d n e k o f f  &
Fig. 11. Graph showing for each combination of reserve lev­
els (maximum 80) and time steps before final time T  whether 
a hypothetical migrant birds should be either risk prone (pre­
ferring a high variance in intake at a same mean) or risk 
averse (preferring a low variance in intake at a same mean). 
In the model final time T represents the last opportunity to 
migrate effectively. Successful m igration is only possible 
with maximum reserve levels. Simulations are based on 
model 2 (premigratory fattening under predation hazard) of 
Be d n e k o ff  & Ho u s to n  (in press).
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Houston  in press). Laboratory experiments by 
M oore  & S imm  (1986) demonstrate risk prone behav­
iour in a migrating bird. Indeed, it may well be that 
migrating birds offer excellent opportunities for the 
study of the risk proneness of foraging behaviour, 
since the penalty is not death, but delayed arrival, or 
the skipping of a breeding season. That is to say, 
migration offers a situation where risk-prone behav­
iour can be advantageous without death being very 
likely. Lor ia  & M oo re  (1990) and Moo re  (1992) 
demonstrated differences in foraging behaviour 
between fat and lean migratory birds in field studies 
on a stop-over site. The next challenge consists of 
actually measuring that the observed foraging behav­
iour is risk prone or risk averse.
Enormous environmental stochasticity was appar­
ent in the study by Martin Morton of the Mountain 
White-crowned Sparrow. On the same date the 
breeding grounds were sometimes covered by sev­
eral meters of snow, or no snow at all, depending on 
the year. For every 2 days delay in breeding, due to 
snow conditions at the start of the season, there was 
a 1 day delay in departure at the end of the season, 
up to a point where departure was not delayed any 
further (Fig. 12). There was no link between the date 
of egg laying and the onset of moult, but fattening 
prior to autumn migration started when moult had 
ended.
Fig. 12. Relationship of autumnal migration departure 
schedules of Mountain White-crowned Sparrows in relation 
to reproductive schedules. Seven years of data (Martin Mor­
ton).
M EAS U R IN G  THE F ITN ESS C O N S E Q U E N C E S  O F 
AR R IVAL DATE
M odels tha t seek to calcula te the optim al tim ing o f the 
return journey to the breeding grounds m ust s tart 
from  a re lationship between fitness and arrival date 
and/or fitness and arrival condition (Fig. 9). Though 
the logic o f the m odels requires adopting a life history 
approach, so far, students o f m igration have not 
attem pted to actually m easure the fitness conse­
quences o f alternative m igratory decisions. This m ay 
well be due to the fact tha t "trad itional" life history th e ­
ory has concentrated on studying how  decisions 
taken once a year affect m ortality and reproduction 
(see reviews in Lessells  1991 and S tear n s  1992). 
State-dependent life-h istory theory (e.g. Mc Na m ar a  & 
Housto n  1992) seeks to bridge the gap between 
behavioural eco logy and life history theory. Still, f it­
ness m ust be m easured. In order to estim ate fitness 
consequences of m igration patterns we should know 
the relation between reproductive success, arrival 
date and nutrien t stores upon arrival. In Fig. 9 the 
view  is taken tha t optim al arrival date is independent 
o f nutrient stores. However, the reproductive success 
as a function o f arrival date is represented by the sum  
o f the reproductive value o f the offspring and the 
residual reproductive value of the parents. W hen the 
shape o f the fitness curve over arrival tim e differs 
between offspring and parents, a  trade -o ff over arrival 
tim e exists. W hen, in addition, the fitness of the par­
ent but not the offspring (or v ice versa) depends on 
the nutrien t stores independently o f arrival time, than 
the optim al arrival tim e will sh ift w ith nutrien t stores. 
F itness consequences o f arrival date and condition 
cannot be estim ated re lying on natural variation 
between individuals. Just as in the study o f clutch 
size (e.g. T inbergen  & Daan  1990), experim ents 
aim ed a t m anipulating arrival tim e to  estim ate fitness 
consequences fo r both parents and offspring are 
needed.
Even though the data are only observational, the 
review by Daan  et al. (1989) leaves little doubt that for 
single-brooded bird species the reproductive value of 
an egg declines in the course of the season. It is 
much less clear why this is so. There could be a link 
with competitive advantages related to the benefits of 
prior residence for either young competing on the 
wintering grounds, or adults competing on the breed­
ing grounds, or both. When effects of prior residence 
are important, late-fledged chicks are at a clear com­
petitive disadvantage during their first winter. Also, we 
would expect that early arriving breeding birds would 
be in the best position to take up the best territories 
(Myers  1981). However, reviewing the evidence, 
Ketterso n  & Nolan  (1983) suggest that "priority of 
arrival is not sufficient to establish an indefeasible 
claim when the claim is contested by a former owner". 
On the one hand there can be no doubt that local sta­
tus is maintained from one year to the next in many
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Fig. 13. Date of arrival and first egg (in days since first 
female arrived) for A) control and B) experimental females 
for 1990 and 1991 combined. Regression equation (dashed 
line, y=40.7+0.41x) was computed for controls only, and is 
also shown in B) for comparison. Open circles represent 
natural arrival and first egg date for experimental females. 
Solid circles represent the dates of release from captivity 
and first egg for the same experimental females. (C r is t o l  
MS)
migratory long-lived species like the Oystercatcher. 
On the other hand it would seem that preempting 
potential usurpers by arriving early on the breeding 
grounds is less costly than evicting established 
usurpers (ignoring the cost of departing early from the 
wintering grounds). The longer Great Tits are experi­
mentally removed from their territory the more likely it 
is that they will not succeed in regaining their territory 
(K r e b s  1982).
Thus, methods should be found to measure the 
cost of arriving a certain number of days later than
potential competitors. The experiments of Dan Cristol 
(MS) go some way towards this goal. He showed that 
experimentally delayed female Red-winged Black­
birds (i.e. held in captivity for a while) were less often 
the first to breed in their harem and initiated clutches 
later, even though all females were released well 
before the first clutches were laid (Fig. 13). These 
negative effects on fitness, thought to result from a 
decline in social status, were much less severe when 
compared to the effects of a similar experiment on 
males (in a different population though), explaining 
why the polygynous male Red-winged Blackbirds 
tend to arrive earlier and much more synchronized 
than the females.
WHICH MODELS ARE BEST?
Fig. 9 depicts the timing of arrival as a simple optimi­
zation problem. However, the above discussion 
strongly suggests that the concepts of game theory 
(M a y n a r d  S m it h  1982) need to be applied, since 
what matters is not so much the absolute date of 
arrival, but the relative timing with respect to the 
arrival of potential competitors. This poses further 
problems for fitness measurements as well as for 
model builders. A t this stage we must ask ourselves 
how to proceed as there seems a clear danger that 
the enterprise will lead to a forbidding graveyard of 
abandoned and underdeveloped models none of 
which are rigorously tested. We suggest that the the­
oreticians should see it as their task to make clear 
under what conditions the more complex, but suppos­
edly more realistic, dynamic optimization models yield 
the same predictions as the more elegant and analyt­
ically tractable rate-maximization models. The empiri­
cists on the other hand should only abandon models 
if they consistently fail empirical tests. The model of 
A le r s t a m  & L in d s t r ö m  (1990) has inspired some 
good tests (L in d s t r ö m  & A le r s t a m  1992) and should 
inspire more.
THE FULL ANNUAL CYCLE AS AN INDIVIDUAL 
DECISION
Noël Holmgren and Anders Hedenström were the 
only ones brave enough to tackle the full annual cycle 
in their application of dynamic programming to define 
the conditions when moult should take place. Pilfering 
from the abstract of the paper by Noël and Anders on 
this topic (chapter 3 in H o l m g r e n  1993): "The sched­
uling of moult was basically a result of a trade-off 
between having a high feather quality during breeding 
versus during the non-breeding period. When feather 
quality was of major importance for survival, summer 
moult tended to be the optimal policy. In the opposite 
situation, when feather quality was more important 
during breeding, winter moult tended to be optimal. A
high impact of feather quality on survival rate in com­
bination with low costs of moult resulted in biannual 
moult (summer and winter moult). Winter moult 
became more likely as the survival rate per se 
increased. Moult duration, migration costs and repro­
ductive success perse  were found to have no impact 
on the timing of moult." Though the assumption that 
feather quality affects fitness seems quite reasona­
ble, the participants of the workshop knew of little 
direct evidence, let alone estimates of the magnitude 
of the effect. Since then, the work of Dale Clayton and 
coworkers on feather lice, heat loss and mate choice 
(Booth  et al. 1993) was brought to our attention by 
Ellen Ketterson.
POPULATION DYNAMICS OF MIGRATORY 
SPECIES
So far we have considered a migration schedule as a 
sequence of individual decisions. What we have to 
compare our models with though, is the migratory 
behaviour of a population of individuals. This sug­
gests that a complete understanding requires that we 
are also able to predict the number of birds that follow 
a particular migration strategy. This, in turn, forces us 
to ask how migratory birds affect each other. We 
already touched upon this question when investigat­
ing the effect of arrival time on fitness.
Though there are many ways in which the migra­
tory decisions of one individual may be affected by 
the decisions of other individuals (due to the benefits 
of flying in a flock for instance; see discussion in 
P iersm a  et al. 1990) the workshop concentrated on 
the effects of intraspecific competition on the breed­
ing and wintering grounds. In his book "Populations in 
a seasonal environment" Fretw ell (1972) graphi­
cally investigated the consequences of density- 
dependent reproduction on the breeding grounds, 
and density-dependent survival on the wintering 
grounds. Here, density-dependent means that, with 
increasing population density, reproduction in sum­
mer or survival in winter are negatively affected. He 
showed that, depending on the shape of the relation­
ships, regulation of the population occurred primarily 
in winter, during summer or in both seasons (Fig. 14). 
G o s s -C ustard  (1980) developed an essentially simi­
lar simulation model. Remarkably, it is only now that 
these models are being followed up by attempts to 
obtain empirical estimates of the parameters and 
more penetrating theoretical investigations, like inclu­
sion of the cost of migration, and attempts to derive 
the population model from knowledge of the behav­
iour of individuals.
John Goss-Custard presented the results of a col­
laborative effort to amass all available data on breed­
ing and survival of the European populations of the 
Oystercatcher (Go s s -C ustard  et al. in press (a); 
G o s s -C ustard  et at. in press (b)). Assuming strong
Fig. 14. Graph of a very simple model of population regula­
tion in a seasonal environment. Production occurs during 
the breeding season with rate b, while deaths are confined 
to winter and occur with rate d. The population is stable if 
d=b/(1+b), i.e. if the death rate equals the “replacement 
rate” g. The equilibrium autumn population size N(1 +b)eq is 
found by plotting both g and d against the autumn population 
size N(1+b). From Fr e t w e ll  (1972).
density dependence in summer, it was calculated that 
populations would decline following habitat loss on 
the wintering grounds, if wintering densities exceeded 
those where winter mortality became density-depend­
ent. With steeper density dependence more birds 
would be lost. Though the database is impressive, the 
most important parameters, i.e. those describing 
important aspects of the density-dependent relation­
ships, are least well known. To derive these popula­
tion parameters from knowledge of the behaviour of 
individuals (see Go s s -C ustard  & D u rell  1990) a 
game theory model of how Oystercatchers distribute 
themselves over the musselbeds in the Exe estuary 
was constructed. From this, a relationship between 
winter mortality and population size could be derived. 
The conceptual framework of the model presented by 
Paul Dolman was essentially similar, but its imple­
mentation differed. Instead of splitting the problem 
into several submodels, each with empirically esti­
mated parameters, Paul Dolman presented a general 
simulation model incorporating all the processes 
believed to be relevant (Fig. 15, S u th erlan d  & Do l ­
man  in press). Below, the pros and cons of these con­
ceptually similar models are investigated through a 
close examination of the components, confronting the 
assumptions with the relevant insights of other partic­
ipants to the workshop.
DENSITY-DEPENDENT REPRODUCTION
Density-dependent reproduction will occur when with 
increasing population size an increasing proportion of 
birds settle in habitat of poor quality or do not breed,
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Fig. 15. Diagram depicting the presumed nature of the den­
sity-dependent processes on the breeding and wintering 
grounds (Paul Dolman).
the so-called buffer effect (K lu i jv e r  & T inb e rg en  
1953). Detailed long-term studies of the American 
Redstart and the Blackthroated Blue Warbler by Rich­
ard Holmes and colleagues provided evidence for 
variation in habitat quality affecting fitness, leading to 
competition for high quality habitats, where food is 
abundant and nest predation low (H o lm es et al. 
1992; S h e r r y  & H o lm es 1992). In Oystercatchers, 
intense competition exists for territories of high qual­
ity, where transport costs of food to the chicks are low 
(Ens e t al. 1992). Ens et al. (MS2) suggest that 
potential recruits face a trade-off between immedi­
ately settling in a territory of poor quality or queuing 
for a territory of high quality. Thus, the only freedom 
left to the newly arriving nonbreeders when faced with 
intense competition is the decision on how to cut their 
losses: losing fitness in time (by queuing for a high 
quality territory) or losing fitness in space (by settling 
in a poor quality territory). Queuing must result from 
the advantage enjoyed by prior residents in the com­
petition for space and the impossibility of maintaining 
high status over a large area (Ens e t al. MS1). 
Despite the evidence for competition (see also the 
section on the fitness consequences of arrival date), 
the shape of the curve relating reproduction to the 
number of potential settlers remains elusive. 
Whereas differences between individuals are thought 
to be of critical importance in models describing den- 
sity-dependent winter survival, such individual differ­
ences were not explicitly incorporated in the 
submodels of John Goss-Custard and Paul Dolman 
dealing with density-dependent reproduction. There
is a clear need to derive the density-dependent re la ­
tionships from  the accum ulating know ledge on the 
m echanism  o f social com petition during the breeding 
season.
DENSITY-DEPENDENT WINTER SURVIVAL
W inter survival will be density-dependent when food 
stocks can be depleted, or when in terfe rence forces 
an increasing num ber o f b irds into habita ts o f poor 
quality w ith increasing population size. Evidence for 
m assive depletion o f food stocks by various species 
of waterfow l on m igration was provided by M ennobart 
van Eerden. In som e exam ples food was depleted to 
a sam e threshold level each year, before the birds 
m oved on, w h ile in o ther exam ples the threshold level 
was variab le (van E e rd en  1984; D r e n t  & P r in s  
1987). The la tter m ay have been due to variab ility  in 
the food supply at preceding stag ing sites, and/or the 
need to arrive on the w intering s ite  a t a certa in date. 
In contrast, w intering O ystercatchers rarely rem ove 
m ore than 30%  o f the standing stock over the winter, 
but in terference is a w e ll-estab lished phenom enon, 
including the observation tha t ind iv iduals differing in 
dom inance suffe r to a d iffe rent degree from  the p res­
ence o f conspecifics (Ens & G o s s -C u s ta rd  1984; 
G o s s -C u s ta rd  e t al. 1984). S ubsequent theories on 
the distribution o f unequal com petitors have coined 
the term  "com petitive ability" to describe these d iffe r­
ences between indiv iduals (S u th e r la n d  & P a rk e r  
1985; P a rk e r  & S u th e r la n d  1986). However, this 
concept m ay not apply in the fie ld  (see append ix  I). 
For instance, it is hard to identify the be tte r com petitor 
w ith respect to the acquis ition o f food when there is a 
trade-o ff between foraging ab ility  and fighting ability. 
Good foragers m ay have h igher surviva l chances 
when food supplies are severe ly depleted, w h ile good 
figh ters can exclude o ther birds from  the  best feeding 
areas. Potentially, such a trade-o ff m ight expla in why 
S h e r ry  & H o lm es (MS) did not find s ign ifican t su rv i­
vorship diffe rences between Am erican R edstarts w in ­
tering in d iffe rent habitats, even though removal 
experim ents showed tha t m ales despotica lly 
excluded fem ales from  certain habita ts (M a rra  et al. 
1993). Furtherm ore, social dom inance is not neces­
sarily sole ly determ ined by re lative fighting ability, but 
m ay also be determ ined by prior residence, espe­
cia lly when indiv iduals show  a strong site fidelity. 
Present evidence certa in ly a llow s the  suggestion that 
O ystercatchers w intering on m usse lbeds "queue" for 
positions o f high local dom inance (Ens & C a y fo rd ,  in 
press). The experim ents o f Dan Cristol on Dark-eyed 
Juncos le ft little doubt that behavioural dom inance is 
influenced by situational factors, like arrival date 
(prior residence increases dom inance, C r is t o l  e t al. 
1990), hunger (lean birds are in itia lly  dom inant, C r is ­
t o l  1992) and the fam ilia rity  w ith a m ore dom inant 
bird, as well as attributes o f the b irds like sex. 
Detailed stud ies o f the W hite-throated Sparrows
Total population attempting to settle
Fig. 16. The proportion of Oystercatchers predicted to die on 
the Exe estuary in winter in relation to the total number arriv­
ing there in autumn (means of several model runs, bars rep­
resent one SE). The threshold intake rate values required 
for a bird to  remain on the estuary were either 200 mg 
AFDM/5 min (open circles) or 150 mg AFDM/5 min (solid cir­
cles). The solid triangles show the effects of removing the 
best 30% of the total mussel area, assuming a threshold 
intake rate of 150 mg AFDM/5 min. From G o s s -C u s ta rd  et 
al. (in press (e)).
underline the importance of site-dependency as well 
as age and sex in determining dominance in the field 
(Piper & Wiley 1989; Piper & Wiley 1990; Piper 
1990).
The presented population models did not incorpo­
rate these details of the competitive process. John 
Goss-Custard derived the relationship between over­
winter mortality and autumn population size from a game theory model of how Oystercatchers differing in 
their susceptibility to interference and in foraging effi­ciency distribute themselves over the musselbeds of the Exe (Goss-Custard et at. in press (c,d & e)). The 
model assumed that each individual would move to the musselbed where it would achieve the highest 
intake rate and that there were no costs to moving, in 
line with the essence of the assumptions of the ideal free distribution model (Fretwell & Lucas 1970) 
according to Kacelnik et at. (1992). Though the 
model will not be the last word on the subject (Goss- 
Custard ef a/.in press (e)) the exercise demonstrated 
beyond doubt that the precise shape of the density- 
dependent winter mortality can be derived from knowledge of the behaviour of individuals in combina­
tion with measurements of the distribution of resources (Fig. 16). In the model presented by Paul Dolman, density dependence in winter mortality not 
only resulted from interference, but also from prey
depletion. This m ade it necessary to  assum e tha t the 
ideal free distribution was reached a t each tim e step. 
The conditions under which th is assum ption holds 
have been theoretica lly investigated by Bernstein et 
al. (1988, 1991). Em pirical evidence suggesting c lose 
tracking o f fluctuations in habita t quality over a fa irly  
w ide geographical area was provided by M ennobart 
van Eerden through an im pressive exam ple on Teal. 
In som e years one fifth o f the European population 
concentrated in the nature reserve the O ost- 
vaardersplassen, w h ile in other years num bers were 
very low, in line w ith fluctuations o f the food supply 
re lated to the m anagem ent o f the w ater levels (Fig. 
17).
X 1 0 0 0
Fig. 17. The annual peak number of Teal in the freshwater 
marsh Oostvaardersplassen, Netherlands, plotted against 
the annual seed production of Ranunculus sceleratus. Large 
differences between years are due to manipulations of the 
water level. From van  E e rd e n  & M u n s te rm a n  (MS).
THE C O ST OF M IGRATION
M igration m ust be costly, but w hat are the costs and 
how high are they? For population m odels of m ig ra­
tory birds it is im portant to know if m orta lity on m igra­
tion should be m odelled as increasing on ly with 
distance, or as being density dependent as well. It 
has only recently becom e possib le to estim ate the 
contribution o f the energy spent on m igration to  the 
annual energy budget ( D r e n t  & P ie rs m a  1990; 
P ie rs m a  et al. 1991; W ie rs m a  & P ie rsm a , 1994). 
W ie rs m a  & P ie rs m a  (1994) have used heated taxi- 
derm ic m ounts to  predict standard opera tive tem pe ra ­
ture, or, inversely, m aintenance m etabolism , for 
d ifferent m icrohabitats and w eather conditions. This 
m ethodology allowed them  to conclude that if is land- 
ica  Knots, the subspecies tha t habitually w inters on 
the in tertida l m udflats o f W estern Europe, were to 
m ove to W est A frica, habitually occupied by canutus  
Knots, they would incur a saving o f 1.1 W  on the ir 
m aintenance m etabolism  and pay an extra 0 .1-0.2 W  
to cover the  cost o f travel (Fig. 18). The problem  is
Fig. 18. Maintenance metabolism on the temperate Dutch Wadden Sea and on the tropical 
Banc d'Arguin, Mauritania, West Africa predicted for islandica Knots on the basis of meteoro­
logical data and m icrohabitat specific equations. These equations were calibrated with the 
use of heated taxidermie mounts. From W ie rsm a  & P ie rsm a (1994).
that it is not clear how energy expenditure relates to 
survival and prospects for reproduction.
To calculate how birds from different breeding 
grounds should distribute themselves over wintering 
grounds at different distances, Paul Dolman simply 
assumed the existence of a critical intake rate, neces­
sary to achieve the breeding grounds. The critical intake rate was thought to increase linearly with dis­tance between the wintering and breeding grounds. 
Instead of assuming that birds with low intake rates do not reach the breeding grounds at all, it seems 
more likely that they will reach the breeding grounds 
later, probably at the cost of a reduction in reproduc­tive success (Fig. 9). Both assumptions lead to den- 
sity-dependence in either mortality or reproduction 
following migration for which there exists no empirical 
evidence whatsoever. An alternative assumption 
could therefore be that the crossing of a certain dis­
tance carries a fixed mortality risk. Estimating this risk 
is difficult. Peter Evans concluded that for several 
species of waders the actual mortality during the 
migratory journey is low relative to the mortality on the wintering and the breeding grounds (Pienkowski 
& Evans 1985; Evans 1991). The reverse seems to 
be the case for the small migratory passerines stud­ied by Dick Holmes and colleagues (Holmes et al. 
1989; Holmes & Sherry 1992). Martin Morton 
reported that there existed no differences in age-spe- cific survivorship curves between a migrant and a 
nonmigrant subspecies of the White-Crowned Spar­
row. A problem with all these survival estimates is that it is not possible to separate lack of fidelity to the 
wintering or breeding area from mortality. The only 
conclusive solution to this problem is to study a signif­
icant part of the population throughout the year, as 
can be done in some species of geese (e.g. Owen &
Black 1989; Ebbinge et al. 1991). This will also help 
in testing the suggestion of Pienkowski & Evans 
(1985) that an important reason for minimizing the 
flight distances on the first migration is to reduce the 
risk of failing to complete the journey to a suitable 
“wintering" site, i.e. adults may not suffer high losses on migration, but the inexperienced juveniles may.
PREDICTING THE EFFECTS OF HABITAT 
CHANGE
An im portant incentive in several o f the previously 
d iscussed stud ies was the desire to understand and, 
if possible, pred ict the e ffect o f m an-induced habitat 
changes on the population dynam ics o f the m igratory 
birds. Such m an-induced changes range from  local 
reclam ation o f som e o f the m udflats in an estuary to 
global clim ate change. A unifying them e in the studies 
o f Dick Holm es and co-w orkers fo r instance has been 
the desire to identify the causes o f the dram atic 
decline in the num bers of neotrop ical m igrant passer­
ines (Holmes & Sherry 1992; Sherry & Holmes 
1992; Sherry & Holmes in press). Goss-Custard et 
al. in press (a) used the ir population m odel to ca lcu­
late the e ffect o f loss o f w intering hab ita t on the equ i­
librium  population s ize o f the European population of 
O ystercatchers (Goss-Custard et al. in press (b). 
They arrived at the startling conclusion tha t the 
coastal subpopu lations would be strong ly negatively 
affected by habita t loss, w h ile  negative effects on the 
in land breeding subpopu lations on ly becam e appar­
en t a fte r the coastal subpopu lations w ere  decim ated. 
There is a c lear need to test the  underlying assum p­
tion tha t coastal and inland birds com pete on equal 
term s on the w intering grounds.
When the ESS migration model of Sutherland & 
Dolman (in press) was used to predict the effect of 
habitat change on the numbers of birds using differ­ent migration routes, it was assumed that the birds 
can adapt to the new circumstances, culturally or genetically, i.e. a new ESS can be achieved. 
Berthold & Querner (1981) and Berthold (1988) 
have shown the existence of genetic variation in the 
migratory behaviour of the Blackcap. Berthold et al. 
(1992) provide evidence that this species has evolved 
a new migration route over the past 30 years. Instead 
of assuming that a new ESS is reached in response to habitat loss without problems, Paul Dolman 
(unpublished) therefore theoretically investigated the 
conditions under which a species with a genetically determined migration strategy could survive a drastic 
change of habitat. The model showed that for the 
migration strategy to track the changing environment, it was important to have sufficient genetic variance in 
the population. The model also showed that assorta- 
tive mating can allow a much more rapid response, allowing tracking even when the level of genetic vari­
ation is initially very low.
CONCLUSIONS
SO M E IM PO RTANT AND H O PEFU LLY AM EN A BLE 
PR O B LEM S
W hile d iscussing the various m igratory decisions in 
turn, a host o f problem s was encountered. It seem s 
prudent to  m ake a short list o f the m ost im portant 
ones.
• Though energy is rightly described as the fire  o f life 
(Kleiber 1961), an animal m ust also retain water 
and protein balance during the m igratory flight, top ­
ics tha t deserve and attract increasing attention.
• There can be little doubt tha t the power curve is 
centra l to predictions on speed, a ltitude and range 
o f the m igratory flight, itse lf a crucial e lem ent o f any 
m igration schedule. Though there was general 
agreem ent tha t the power curve m ust be U-shaped, 
it was fe lt tha t much m ore em pirica l work was 
needed to confirm  the precise shape fo r a given 
species, a necessary prerequisite for reliable quan­
titative predictions. On the basis of em pirical ev i­
dence it is im possib le to decide between the 
m odels o f Pennycuick (1989) or Rayner (1988), 
but the form er has few er and m ore easily m easured 
param eters than the latter.
• M igration m ust be costly, but w hat are the costs 
and how high are they? It is in tu itive ly appealing to 
assum e tha t high energy expenditure reduces su r­
vival (e.g. DAAN e t al. 1990), but nothing conclusive 
is known. For population m odels o f m igratory birds 
it is im portant to know  if m orta lity on m igration 
should be m odelled as fixed fo r a given distance, or 
as density dependent.
• Though there is an increasing aw areness tha t pop­
ulation m odels should be derived from the in te rac­
tions between individuals, the  m odels discussed 
contained assum ptions about the com petitive proc­
ess tha t m ay be untenable. One of the authors of 
th is  report fee ls ra ther s trongly tha t em pirica l s tud ­
ies o f the com petitive process would benefit from  a 
c larification o f concepts (see appendix I).
M IGR ATO RY BIRDS PR O V ID E G O O D  R ES EA R C H  
SY STEM S
In the above we have listed w hat were considered to 
be the m ost im portant problem s, w ritten from  the per­
spective o f a scientist who has decided, fo r whatever 
reason, tha t solving the m ystery o f bird m igration is 
w hat he wants to do w ith his life. However, scientists 
wanting to solve a d iffe rent problem  should in no way 
feel excluded. If the study o f m igration strateg ies is to 
becom e a serious undertaking d irect fitness m easure­
ments m ust be taken. Thus, there is a c lear need for 
a closer link between m igration and breeding b io log i­
cal studies o f the sam e populations. In fact, it is even 
possib le tha t scientists with d iffe rent in terests will find 
tha t m igratory birds are particularly suitable fo r an s ­
wering the ir questions. The fo llow ing suggestions 
cam e forward:
• B irds preparing for m igration m ay o ffe r good oppor­
tun ities for studying w hether foraging behaviour is 
risk prone or risk averse. The problem  seem s that 
fie ld workers lack a search im age for such behav­
iour: the theoretic ians should com e forward w ith 
suggestions o f w hat to look for.
• M igratory birds m ay offer better opportun ities for 
studying seasonal tim ing o f m oult and reproduction 
than sedentary birds. A ttention should focus on 
arrival tim e and the experim ental m an ipula tion of 
tha t arrival time.
PR O S PE C TS
The w orkshop le ft the partic ipants w ith little doub t tha t 
the study o f bird m igration, in particu lar the study o f 
m igration schedules, is rapid ly ga in ing m om entum  
through the application o f the sam e ideas and tech ­
niques, first developed by econom ists, so success­
fu lly applied in other fie lds o f behavioural ecology. To 
m aintain m om entum  it is necessary tha t the  m ore 
em pirica lly m inded and the m ore theore tica lly  m inded 
students o f m igration continue to rem ain in c lose con ­
tact. To m in im ize the dam age o f excessive social 
com petition it is necessary tha t this contact is not only 
established through the scientific literature, but above 
all through personal contacts. A  c lose cooperation 
between theorists and em piric ists would fit the trad i­
tion o f behavioural ecology. It w ill be im portant though 
to avoid repeating a com m on m istake o f m any behav­
ioural ecologists, who have neglected the  study o f 
mechanism  at the expense o f the study o f the evo lu­
tionary costs and benefits (Huntingford 1993).
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APPENDIX I: COMPETITIVE CONCEPTS
During the w orkshop and the fo llow ing gestation o f th is report it becam e c lear tha t m y d is like  o f som e term s 
and concep ts was not shared by the m ajority o f participants. S ince m uddled concepts will lead to m uddled 
investigations, I fe lt inspired to w rite  th is appendix, where I try to m ake clear on w hat basis I distinguish 
between useful and confusing concepts. A  concept is considered useful when it has a c lear defin ition and, in 
principal, a llow s taking m easurem ents. A  concept is considered confusing when it has been used in m any d if­
fe ren t ways, even though it was orig inally c learly defined. A concept is a lso considered confusing if it has no 
clear m eaning when applied to a real world situation, even though it m ay be precise ly defined in a m athem ati­
cal model attem pting to describe tha t real world situation.
USEFUL CONCEPTS
social dominance
Aggregate measure of success in winning encounters at a given location against a specified set of 
opponents, probably depending on both relative fighting abilities and payoffs of focal animal and oppo­
nents. It is often wrongly thought of, not as a relationship, but as the ability of an individual to dominate 
others. This is due to the habit of calculating dominance scores without making reference to the oppo­
nents or to the location (e.g. Ens & Goss-Custard 1984).
fighting ability
The ability o f an individual to win fights when payoffs and positional advantages are contro lled for. It 
should not be confused w ith social dom inance, which refers to a re lationship and not a true ab ility  o f an 
individual. Though the concept is easy to grasp, it is ra ther evasive when it com es to actual m easure­
ment. This is because it is very hard to  control for all the confounding factors.
payoff to winning a contest
Increase or reduction in the reproductive potential of an individual when it either wins or loses a contest; 
it should be measured as the change in Expected Future Reproductive Success (EFRS); see Grafen 
(1987). Though quickly understood on paper, it is very hard to actually measure. Measurement inevita­
bly involves many additional assumptions.
foraging ability
The ability o f an individual to find food. It can be derived from  w hat Goss-Custard & Durell (1988) 
have called the Interference Free Intake Rate (IFIR) by contro lling fo r prey density. IFIR is m easured as 
the rate of food intake tha t an individual achieves in a certain location when it is not h indered by other 
individuals. There could well be a trade-o ff between foraging ability and fighting ability, s ince designing 
an anim al tha t is good at fighting m ay conflict w ith dem ands that m ake the anim al good a t explo iting 
resources. In fidd le r crabs fem ales have two sm all claws fo r p icking up food, w h ile in m ales one of 
these feeding claws is en larged to such an extent tha t it can no longer be used for feeding, but it is very 
effective in fighting with conspecifics, as well as in attracting fem ales (Christy & Salmon 1984). It is my 
hunch tha t in m any species, m ales m ay be better at fighting over resources and less e ffic ien t a t exp lo it­
ing these resources at low resource levels com pared to fem ales.
susceptibility to interference (STI)
The rate at which food intake declines when the num ber o f com petitors increases, m ost o ften m eas­
ured as the slope o f the  re lationship between intake rate and com petitor density (Goss-Custard & 
Durell 1988). Ideally, it should be contro lled fo r prey density, but to my know ledge th is has never been 
done.
CONCEPTS CAUSING CONFUSION
resource holding potential (RHP)
W hen P a r k e r  (1974) launched his theory tha t the outcom e o f encounters w ill depend on both the figh t­
ing ab ilities (e.g. w eaponry or physical strength) and the payoffs to the individuals involved, he used the 
word Resource Holding Potential (RHP) instead o f fighting ability. Though in tended as a clarification, 
the term  RHP has given rise to much m isunderstandings in m y opin ion and should, perhaps, be 
dropped. As far as I understand it, the reason fo r adopting the term  RHP is tha t it also includes pos i­
tional advantages. Two knights m ight benefit equally from  gaining access to a princess and m ight be 
equally good fighters, but if one has to figh t uphill the odds are against him. S im ilarly, a m ale toad m ay 
ward o ff rival m ales m ore easily when it is in am plexus w ith the fem ale than when he sw im s near to her. 
Thus, when using the word fighting ability instead o f resource hold ing potential, it is im portant to keep in 
m ind tha t there could be positional advantages, which should be unrelated to the payoffs though.
competitive ability
My principal problem  w ith the concept o f com petitive ab ility is tha t it creates the im pression tha t it can 
be m easured as a  single character o f an individual. I th ink tha t to be highly unlikely. As used by S u th ­
e r la n d  & P a r k e r  (1985), com petitive ab ility indicates the ab ility to acquire resources when com peting 
w ith o ther individuals and it is m ore or less equated to susceptib ility  to interference, i.e. the rate at 
which food intake declines when the num ber o f com petitors increases. Susceptib ility  to in terference 
depends on local dom inance and it is very likely tha t local dom inance depends on both payoffs and 
figh ting ability. W hereas fighting ab ility is a true ab ility of an individual, socia l dom inance is not. W e 
m ight decide to equate com petitive ab ility to  fighting ability, but I th ink little would be gained from  two 
term s fo r a s ingle concept. Furtherm ore, the po in t about com petitive ab ility is tha t it describes the  suc­
cess in com peting for resources. W hen scram ble com petition is the m ost im portant process, forag ing 
ability, instead o f fighting ability, is w hat matters. W hen both con test and scram ble com petition matter, 
we need to  m easure both forag ing ability and fighting ability and the possib le tradeo ff between these 
two abilities would destroy any hope o f m easuring com petitive ab ility as a single character. In fact, a 
tradeo ff seem s inevitable to me, since the attributes tha t make an anim al good at fighting are d ifferent 
from  the attributes tha t make an anim al good at foraging.
(written by Bruno Ens)
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